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Gastrointestinal diseases are becoming increasingly prevalent in developed countries. Immortalized cells and animal models have delivered important but limited insight into the mechanisms that initiate and propagate these diseases. Human-specific models of intestinal development and disease are desperately needed that can recapitulate structure and function of the gut in vitro. Advances in pluripotent stem cells and primary tissue culture techniques have made it possible to culture intestinal epithelial cells in three dimensions that self-assemble to form 'intestinal organoids'. These organoids allow for new, human-specific models that can be used to gain insight into gastrointestinal disease and potentially deliver new therapies to treat them. Here we review current in vitro models of intestinal development and disease, considering where improvements could be made and potential future applications in the fields of developmental modelling, drug/toxicity testing and therapeutic uses.
This article is part of the theme issue 'Designer human tissue: coming to a lab near you'.
Intestinal structure and function
The intestines are a vital organ derived from definitive endoderm and can be subdivided into the small and large intestines [1] . Collectively, the small and large intestines perform the vital function of digestion, nutrient absorption and waste elimination [2] . The small intestine contains several functionally distinct areas including the duodenum, jejunum and ilium, and its surface comprises a highly folded epithelium of villi, microvilli and intestinal crypts [3] . This intricate folding of villi and microvilli serves to dramatically increase the total surface area of the small intestine, thereby facilitating greater nutrient absorption. The intestinal crypt functions as the niche in which the LGR5 þ stem cells reside [4] .
LGR5 þ cells are relatively slow cycling cells and give rise to a highly proliferative and multipotent progenitor population known as the transit-amplifying (TA) cells, which differentiate as they migrate from the crypt towards the villi. By the time TA cells have moved out of the crypt, they are fully differentiated into one of the many cell types required for normal functionality of the epithelium [5] . The large intestine comprises four main regions: the ascending, transverse, descending and sigmoid colon [6] . While most digestion occurs in the small intestine, the large intestine functions to absorb water and ions, in addition to vitamins and short chain fatty acids (SCFA) synthesized by commensal bacteria. Production of SCFA by commensal bacteria in the large intestine is recognized as an important feature of maintaining normal gut health and has been shown to have several protective effects including creating an environment hostile to pathogenic microbes, providing an energy source for intestinal epithelial cells and enhancing mucus production [7] . They maintain a barrier formed with tight junctions, essential to the control of macromolecular transport and immune homeostasis. Enterocytes are the most common cell type found in the epithelium, and they mainly function in nutrient absorption. Secretory epithelial cells consist of Paneth and goblet cells and multiple enteroendocrine cell types, with functions ranging from cytokine to hormone production [9] . Goblet cells play a critical role in the functioning and protection of the intestinal tract. There are nearly twice as many goblet cells in the colon as in the small intestine, which is in proportion to the increase in bacteria [10] . Goblet cells function by producing glycoproteins known as mucins, which are vital constituents of the mucus that lines the epithelium. This mucosal layer acts as the first line of defence, preventing the bacteria present in the gut from being in direct contact LGR5 þ stem cells and Paneth cells are located at the base of the crypts, followed by the TA cells, and then mature epithelium composed of goblet cells, enteroendocrine cells and enterocytes (a). The large intestine lacks the villi structures of the small intestine and instead is composed of colonic crypts. At the base of colonic crypts are LGR5 þ stem cells and Reg4 þ cells, followed by TA cells and mature epithelium that contains a high proportion of goblet cells (b).
Cells of the small and large intestine
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with the intestinal epithelium [11] . Mucus production is increased in response to inflammatory cytokines including interferon-g and interleukins-9, -10 and -13 [12] . The glycoproteins that comprise this mucus are toxic to many strains of bacteria. Additionally, this layer acts as a matrix to which defensins and antibodies adhere that target specific pathogenic bacteria adhere. When mucus production is hindered, this can cause commensal bacteria in the gut microbiota to penetrate the epithelial barrier, triggering an immune response [13] . Goblet cells also produce other constituents of the mucus layer, including trefoil factors that stabilize the mucus layer by forming cross-links between different components of the mucus [14] . This cross-linking creates a unique property in that the innermost layer is thicker and more viscous while the outer layer is more aqueous, allowing commensal bacteria to reside there. The small and large intestine is a high turnover organ, with complete epithelial renewal approximately every 7 days. This process is driven by LGR5 þ intestinal stem cells ( figure 1a,b) . 3. Cell signalling in the intestinal epithelium [21] . Higher concentrations of Wnt3a and EGF are present at the base of the crypts and are required for stem-cell maintenance and proliferation, respectively [22] (figure 2a). A concentration gradient of Wnt3a is established in the intestinal crypt, with highest levels found in the base of the crypt that then decrease towards the top of the crypt [23] . This concentration gradient along with a decrease in Notch signalling and increased BMP signalling at the top of the crypts facilitates the initial differentiation of the LGR5 þ stem cells along with the proliferation and terminal differentiation of the TA cells [24] . Paneth cells are integral in producing the crypt environment via secretion of several factors, including Wnt3a, EGF, transforming growth factor a (TGFa) and the Notch ligand D114 [18] .
Intestinal organoids
The identification of LGR5 þ stem cells and the characterization of the intestinal stem-cell niche has led to the development of three-dimensional (3D) organoid cultures and the ability to amplify intestinal epithelium in vitro. These primary tissue cultures can be maintained long term without any substantial changes to genetic integrity or tissue physiology.
Organoids are now becoming an increasingly popular option for exploring an array of diseases currently lacking suitable treatments. Multiple organoid culture platforms have now been described including liver and pancreatic organoids [25 -28] , kidney organoids [29] , central nervous system organoids [30] and intestinal organoids [31] [32] [33] . An organoid is often defined as 'an in vitro 3D cellular cluster derived exclusively from primary tissue, ESCs or IPSCs, capable of self-renewal and self-organization, and exhibiting similar organ functionality as the tissue of origin' [34] . Indeed, intestinal organoids are clusters of cells that self-organize in 3D structures that recapitulate major features of their native tissue. Intestinal organoids have been derived from both human stem cells and direct biopsy of adult intestinal tissue. In each case, the resulting intestinal organoids share many features, including a highly folded epithelium structure consisting of crypts and villi similar to native intestinal epithelium. Once embedded in Matrigel TM , they self-assemble so that the luminal surface of epithelium is directed towards the centre of the organoid and the basolateral side is in contact with the Matrigel TM and surrounding medium. Analysis of the different cell types present within intestinal organoids has shown that all cell types usually found in vivo are present, and are therefore useful for studying the complexities of interplay between cell types during homeostasis and disease states.
Intestinal organoids have been shown to exhibit the same functions as those that occur in vivo, including mucus production, and absorptive and secretory functions [24] . Intestinal organoids mimic in vivo epithelial regenerative rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170217 capacity, with apoptotic cells being continually released into the lumen of the organoid as new cells are differentiated from the LGR5 þ cells within the crypts to replenish the epithelium.
Isolation and culture of intestinal organoids
There are two approaches to creating intestinal organoids: either through isolation of intestinal crypts from patient donors or via in vitro differentiation of human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hIPSCs). Both methods result in organoids comprising all intestinal epithelial cell types found in vivo, in similar proportions and arrangements. Culture conditions for both primary tissue and stem-cellderived organoids are essentially the same, requiring a basal media comprising Advanced DMEM/F12, supplemented with N2 and B27, nicotinamide and N-acetylcysteine. To the basal medium additional growth factors are added to support the growth of the organoids including EGF, Noggin and gastrin, which are essential for regulation of gut mucosal growth and proliferation of intestinal epithelial cells. The presence of Wnt3a is crucial to regulate self-renewal, proliferation and differentiation, as expression of LGR5 in stem cells found in intestinal crypts is dependent upon the canonical Wnt signalling pathway, regulated by R-Spondin-1 and BMP4 inhibition by Noggin [35, 36] (figure 2b).
Intestinal crypts can be isolated from intestinal biopsies during endoscopy or surgical resection [18, 37] Using a stem-cell-based approach, hESCs or hIPSCs can be differentiated following normal developmental stages to generate intestinal epithelium ( figure 3 ). This includes differentiation of cells via the major developmental milestones of definitive endoderm, hindgut endoderm and intestinal progenitor cell stages. Once differentiated into sufficiently committed intestinal progenitor cells, they can be transitioned from what is normally a two-dimensional (2D) differentiation platform into the 3D organoid platform, where cells then spontaneously rearrange themselves into intestinal organoids.
Functional analysis of organoids
A variety of assays have been used to assess functionality of intestinal organoids. A primary function of enterocytes is transport of water and electrolytes across the intestinal barrier. In vitro, organoids have been shown to maintain this function via derivation of organoids lacking the apical transporters SGLT-1 or PEPT1. These organoids were shown to have inhibited D-glucose, D-fructose and peptide transport across the epithelial membrane, validating their potential use as a model of nutrient and drug transport mechanisms [38] .
Permeability of the intestinal epithelium is an important factor in both health and disease, affecting the diffusion of small molecules across the intestinal barrier and preventing bacterial translocation via the bloodstream. Recently, it has been demonstrated that intestinal organoids can be used to model epithelial permeability and changes can be recorded in real time [39] . Hill Figure 3 . Schematic of human intestinal organoid creation. Intestinal organoids can be generated directly from intestinal biopsy or tissue from surgical resection. Isolated crypts can be placed directly into 3D Matrigel TM cultures along with Wnt, Noggin, EGF and R-Spondin to establish stable cell lines. An alternative approach to generating patient-specific intestinal organoids requires a skin biopsy, isolation and amplification of skin fibroblasts. Skin fibroblasts can then be reprogrammed to hIPSCs using the Yamanaka factors and differentiated into endoermal cells and finally, intestinal epithelium before long-term culture in 3D Matrigel TM conditions. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170217
by injecting fluorescently labelled dextran into the lumen of organoids while automated microscopy was used to capture, in real time, live cells and quantify breaks in the luminal surface. Using this technique, alterations to intestinal permeability can be studied under chronic inflammatory conditions and during bacterial invasions. Forskolin-induced organoid swelling assay has also been used to demonstrate functionality of the cystic fibrosis transmembrane conductance regulator (CFTR) ion channel. Organoids with a functional CFTR swell in response to forskolin treatment, while any changes to the function of CFTR due to inhibition or genetic mutation can be detected due to lack of swelling [40] . This assay has the potential to be adapted to a drug-screening platform for cystic fibrosis (CF).
Applications of organoid technology
Owing to its differing physiology and distinct functions, the gastrointestinal tract is affected by an array of disorders. The intestinal epithelium is continuously exposed to antigens from commensal bacteria and consumed food, hence it has an extensive immune system, inclusive of adjacent lymphoid tissue, heavily populated with lymphocytes. The mucosa is the main site at which the immunological functions take place; however, loss of this carefully maintained immune homeostasis can cause chronic inflammation and multiple disorders. Intestinal organoids have now become increasingly popular as a platform to model many intestinal diseases caused by chronic inflammation or physical injury.
Inflammatory bowel disease (IBD) is a chronic, progressive and relapsing disease affecting the entire gastrointestinal tract. It is a result of dysregulated innate and adaptive immune responses against antigens present in the gastrointestinal tract. IBD is categorized into two main subtypes: ulcerative colitis (UC), which is restricted to the colon, and Crohn's disease (CD), which can affect any area of the digestive tract [41] . During active IBD, the small and large intestine can become highly inflamed, leading to destruction of the epithelium and deterioration in digestive capacity. Intestinal organoids derived from IBD patients present an opportunity to understand how innate immunity is regulated in IBD patients and to identify novel therapeutics to reduce the severity of the disease.
Short bowel syndrome (SBS) develops often due to partial resection of large intestine as a result of IBD, colorectal cancer (CRC) or ischaemic disease, or can be present at birth. Owing to a significantly reduced surface area of the intestinal epithelium, malabsorption and malnutrition are major issues. Congenital SBS has a genetic basis linked with the CLMP gene. Patient-derived small intestinal organoids offer a chance to study the genetic susceptibility in greater detail, including the molecular mechanisms involved in impaired intestinal elongation during development that are currently not well understood [42] . Furthermore, the combination of intestinal organoids with tissue-engineering techniques for the lengthening of the small intestine, offer a potential method for the restoration of normal functioning of the bowel irrespective of the cause of SBS.
Coeliac disease is an example of an autoimmune disease mainly affecting the small intestine upon consumption of gluten. The resulting inflammation causes malabsorption, leading to a range of other successive symptoms. Without exclusion of all gluten products from the diet, prolonged inflammation can lead to osteoporosis and cancer. Organoids cultured from patients suffering from coeliac disease can offer insight into genetic predispositions and mechanisms driving the disease forward. Alterations to intestinal barrier integrity, which are known to occur in coeliac patients, can be explored using organoids [43] . Similarly, patient-derived organoids could be used as a drug-screening platform for the identification of novel therapies.
Diverticular disease occurs typically in the sigmoid colon and is the result of physical damage to the intestines leading to loss of function. Diverticula are sacs that form from the herniation of the intestinal epithelium, erupting through the surrounding muscular layer. They are suspected to form due to excessive pressure throughout the large intestine, due, in part, to a low-fibre diet, however, aetiology remains largely unknown. These diverticula can become infected and inflamed, leading to the patient developing fever, pain, nausea and diarrhoea. A genetic element is suspected that predisposes individuals to developing diverticulitis. Therefore, genetic factors involved in the pathogenesis of diverticulitis can be studied using patient tissue-derived organoids from a relatively non-invasive intestinal biopsy. These can then be compared to healthy intestinal tissue to determine genetic and functional differences. Owing to the mechanical nature of the development of diverticular disease, mechanical stress could be applied to the individual organoids to examine the response of the intestinal epithelium under differing levels of stretch stress. However, a tissueengineering approach is required in combination with organoid technology to model the development of diverticula. Intestinal organoids alone would not be suitable to model diverticula development due to the involvement of the mesenchyme and muscular layer surrounding the intestinal epithelium in vivo.
Cystic fibrosis is perhaps best known for its effect in the lung but also causes complications in other organs, including the pancreas and intestines. The most serious acute complication of the intestine in CF is obstruction of the terminal ileum or proximal large intestine, which if untreated can result in rupture and sepsis. Intestinal organoids are a suitable model of CF due to their expression of CFTR and by using a combination of forskolin-induced swelling and voltage-gate measurements, fluid and ion transport can be accurately measured. This assay has been performed on human intestinal organoids, demonstrating physiologically accurate CFTR function [44] . Drug responsiveness can, therefore, be measured using the current organoid model to identify the most effective treatment for CF or as a diagnostic tool [45] .
CRCs are among the most commonly diagnosed cancers in the developed world. There are many contributing factors to development of CRC, but importantly long-term CD or UC significantly increases lifetime risk. Organoids are increasingly being used as models of CRC. Current models of CRC are unable to reproduce the progression of the disease at the early stages and are not representative of the heterogeneous nature of tumours. Genome-editing techniques, such as CRISPR/Cas9, however, can be used as a means to introduce genetic mutations into genes of interest. Following genetic manipulation organoids can then be transplanted into mice, in which the in vivo mechanisms of tumour progression and invasion can be measured [46] . 
Host-pathogen interactions
Different methods are employed to expose intestinal organoids to bacteria. Microinjection of live bacteria or bacterial proteins is a common approach to study intestinal infections, including Salmonella and Clostridium difficile infections. For example, Forbester et al. [31] used hIPSCs to generate intestinal organoids that were then microinjected with Salmonella. mRNA sequencing was used to create a global profile of changes in gene expression in response to Salmonella infection [31] . Similarly, Leslie et al. [35] used a microinjection methodology to deliver C. difficile into the lumen of hIPSC-derived intestinal organoids. They then observed that C. difficile remained in the lumen for a prolonged duration, suggesting that organoids possess suitable conditions for the survival of C. difficile and hence other obligate anaerobes. Microinjection of C. difficile toxins has also been shown to exhibit expected effects on epithelial integrity and changes to the expression of certain tight junctions [35] .
Limitations of organoids
Despite increasing interest in organoid platforms to model intestinal development and disease, organoids used in today's research lack certain elements of the complete organ found in vivo (table 1) . This includes a lack of mesenchymal tissue, immune and neural cells that in vivo contribute to the overall structure and functioning of the intestines. Organoids currently used in research are comprised mainly of epithelium, including the niche that enables self-renewal of intestinal stem cells.
Organoids differentiated from induced pluripotent stem cells (IPSCs) into intestinal epithelial structures are known as induced intestinal organoids [47] . The differentiation protocols promoting the generation of such organoids also generates mesenchyme that, when transplanted under the renal capsule of mice, differentiate into smooth muscle and myofibroblasts [24] . These, therefore, are more representative of the intestines in vivo. However, they require a longer period of time to generate and are still devoid of immune cells which are necessary to address the most common intestinal disease IBD.
Other limitations of intestinal organoid include practical limitations due to the fact that cells must be embedded in Matrigel TM and grown in 3D. This creates additional complications when manipulating cells for simple procedures such as isolating mRNA, DNA and performing immuncytochemistry because organoids will require removal from Matrigel TM prior to processing. 3D culture also creates problems when attempting genetic manipulation via transfection and CRISPR/Cas9 gene editing approaches. Again, cells require removal of Matrigel TM prior to manipulation, which can create suboptimal conditions for organoid maintenance and growth.
It is clear that intestinal organoids can be used as an effective model of host -pathogen interactions that occur within the intestinal tract. However, further study is required to incorporate additional immune elements into the model to give a more complete illustration of inflammatory response. Thus far, microinjection has been used effectively to deliver the bacteria into the lumen of the organoid. However, this is a time-consuming technique. Therefore, other techniques have been trialled as more efficient alternatives. Treating a monolayer, for example, is much quicker to execute, however, this method is less indicative of how the 3D in vivo intestine would respond due to the lack of 3D architecture and the stem-cell niche. Without this native architecture it cannot be determined how intestinal stem cells would respond to such an infection.
Future challenges
Intestinal organoids remain a promising, tunable model for developmental and disease modelling, drug and toxicity testing, and host-pathogen interaction studies. In the future, in conjunction with CRISPR/Cas9 technology intestinal organoids hold great potential for gene therapy and transplantation applications in humans to treat chronic inflammatory disorders, such as CD, UC and CRCs. However, there are many aspects of this technology that still require significant investment to create a model that is more representative of in vivo tissue and their translational use in humans to become a reality.
Culturing intestinal organoids in 3D creates additional layers of complexity when attempting manipulations involving gene editing, transfection or when studies require access to the apical surface of intestinal epithelium. Previously, processing organoids has required specialized and time-consuming procedures such as the use of micromanipulator and microinjection platforms. More recently, several studies have addressed this problem and have begun developing methodologies to use 2D culture of dissociated intestinal organoids as a platform for high-throughput drug testing, migration assays and host -pathogen interaction studies. By using transwells with permeable membranes, experimentation can be performed with ease of access to both the apical and basolateral sides of the newly formed epithelial membrane [24] . However, this approach also disrupts the stem-cell compartment, meaning that using current culture conditions cells cannot be propagated long term using this 2D culture approach. It is feasible, however, to maintain organoids in 3D while performing manipulations in transient 2D cultures.
Current organoid platforms require the spontaneous selfassembly of epithelial tissue following dissociation and then embedding in Matrigel TM . This approach creates organoids of differing shapes and sizes that lack the gross anatomical features of the intestine. Accuracy in developmental and disease modelling will be dramatically enhanced by the use of 3D scaffolds constructed from either decellularization and then recellularization of an ex vivo extracellular matrix or a cellularized synthetic scaffold. This approach offers a base on which to culture the cells into the tubular structure with more precise patterning of epithelium and consistent numbers of cells. This technique is potentially tunable, enabling the cell composition to be altered depending on the region of intestinal tract being studied or disease process being modelled. This model, as well as being a closer approximation of the intestine, is likely to be easier to manipulate by providing easier access to apical and basolateral sides of cells. Studies carried out into the development of this model have shown that it can accumulate a mucus layer on the luminal surface, as with organoids, with a thickness of 20 mm [48] . This can, therefore, recapitulate the host-pathogen interactions, occurring in vivo, that require an intact mucosal layer. So far, these models lack neural and immune cells to form a complete rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170217 organ and require many months of set-up until the platform is suitable for experimental use. A notable disadvantage to this system is the deterioration in the model after only a few weeks following the seeding of cells to the 3D scaffold, which could be due to nutrient and oxygen starvation of cells, further reinforcing the need for models that recapitulate the complete organ including vascularization. This, therefore, must be overcome before it can be used for longer-term studies, including that of chronic inflammation.
Several studies have demonstrated the potential for direct transplantation of intestinal organoids into mice and rodents [32, 49] . Fordham et al. successfully transplanted fetal intestinal progenitors, which had not yet been differentiated into intestinal organoids, into a colonic injury mouse model [32] . They found that immature enterospheres have regenerative capacity when transplanted into adult damaged colonic epithelium. Additionally, they demonstrated the ability of these immature cells to mature in vivo, appropriate for the region of engraftment, expressing Mucin-2-positive goblet cells and lacking markers of small intestine. Whether the same approach could be used to treat human intestinal injury from both acute and chronic IBD is yet to be determined. When combined with decellularization/recellularization techniques, 3D printing and development of synthetic and biodegradable scaffold technologies, stem-cellderived intestinal tissue or patient-derived intestinal tissue could be used to replace large segments of the small and large intestine. One of the more significant drawbacks to modelling disease using intestinal organoids is the absence of an immune element that can be used to understand mechanisms driving the autoimmune destruction of the intestinal mucosa that occurs during CD and UC in vivo. Thus far, intestinal organoids have been able to model the immune response at an innate level, determining the effects of gene expression and cytokine signalling in the development of CD and in hostpathogen interaction studies. CD is known to be triggered by a combination of genetic susceptibility and environmental factors, resulting in dysregulation of immune homeostasis. Studies have shown that human intestinal organoids generated from hIPSCs are a suitable model for studying the interactions between intestinal epithelium and the enteric pathogen Salmonella typhimurium to dissect elements of the innate immune response [31] . The model, however, needs to be further developed to include elements of systemic immune regulation including cells such as macrophages, neutrophils, T cells, B lymphocytes, NK cells and dendritic cells. Addition of these cell types will create a more complete model but will be a significant challenge requiring all cell types to be from the same donor.
Intestinal organoids, whether derived from primary tissue biopsy or stem-cell differentiation techniques, have great potential in the future of disease modelling, drug discovery and personalized medicine. They have been shown to have stable phenotype, are relatively simple to create and manipulate while at the same time able to be maintained in long-term culture. However, current organoid derivation and culture techniques do not allow for the assembly of complex multi-cell-type organoids that can model the complete complexity of a multifactoral disease such as IBD. Furthermore, as our need to modify and manipulate organoids and organoid culture conditions advances, the practice of culturing intestinal organoids may pose technical limitations on what is achievable. Developing our understanding of the initiation and development of complex intestinal disease, such as IBD and CRC, will require continued investment and research into the development of more complex intestinal organoid platforms.
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